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Variations in the oral microbiome are potentially implicated in social inequalities in oral disease, 4 cancers, and metabolic disease. We describe sociodemographic variation of oral microbiomes 5 in a diverse sample. 6
Methods

7
We performed 16S rRNA sequencing on mouthwash specimens in a subsample (n=282) of the 8 2013-14 population-based New York City Health and Nutrition Examination Study (NYC-HANES). 9 We examined differential abundance of 216 operational taxonomic units (OTUs), and alpha and 10 beta diversity by age, sex, income, education, nativity, and race/ethnicity. For comparison, we 11 also examined differential abundance by diet, smoking status, and oral health behaviors. limiting what is known about associations of social factors and the microbiome. 4  We examined the oral microbiome in a population-based sample of New Yorkers with 5 wide sociodemographic variation. 6  Numerous taxa were differentially abundant by race/ethnicity, income, education, 7 marital status, and nativity. 8  Frequently differentially abundant taxa include Porphyromonas, Fusobacterium, 9 Streptococcus, and Prevotella, which are associated with oral and systemic disease. 10  Mediation of health disparities by microbial factors may represent an important 11 intervention site to reduce health disparities, and should be explored in prospective 12 studies .   113  114  115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168   4   1   2 Introduction   2   3 Health disparities by race/ethnicity, socioeconomic status (SES), sex, and other 4 sociodemographic factors have long been observed but their mechanisms have yet to be fully 5 elucidated. In particular, racial/ethnic and socioeconomic disparities have been consistently 6 observed in oral health outcomes (1), cardiovascular disease (CVD) (2, 3), diabetes (4), preterm 7 birth and low birth weight (5, 6) , and rheumatoid arthritis (7). 8 9 Variations in human oral microbiome structure and function have been associated with oral 10 disease (8, 9) , as well as a wide range of systemic illnesses including CVD (10-12), diabetes (13,   11 14), cancers (15) (16) (17) (18) , birth outcomes (19, 20) , and rheumatoid arthritis (21, 22 York Public Health Laboratory where they were transferred into 50 mL centrifuge tubes, frozen 10 and stored at -80°C. The oral rinse samples were then transported on dry ice to Albert Einstein
11
College of Medicine, where they were stored at -80˚C until processing.
12
Specimen processing and sequence analysis methods are described in detail in the appendix.
13
Briefly, we extracted DNA using QIAamp DNA mini kit (QIAGEN), and amplified DNA in the V4 14 region of the 16S rRNA using primers 16SV4_515F (GTGYCAGCMGCCGCGGTA) and 16SV4_806R
15
(GGACTACHVGGGTWTCTAAT) (38,39), followed by amplicon sequencing using a MiSeq 16 (Illumina, San Diego, CA) with 2x300 paired-end fragments. We analyzed 16S reads using QIIME 17 version 1.9.1 (40) and Phyloseq (41) . We merged raw Illumina paired-end reads using the QIIME 18 command fastq-join (42) , and discarded any resulting low quality reads (PHRED score < 30) 19 when joining the split reads (qiime split_libraries_fastq.py). We performed open-reference 20 Operational Taxonomic Unit (OTU) picking by clustering using UCLUST at 97% sequence 21 similarity, and we assigned taxonomy using the SILVA 123 (43) database. We removed samples 22 with less than 1000 reads (n=15) from the OTU we fit crude models as well as models adjusted for oral health behaviors, diet, smoking status, 5 and age and sex (when applicable). edgeR was conducted at the taxonomic level of highest 6 specificity allowed, which was the genus in all cases where FDR was less than 1%; therefore 7 differential abundance findings are presented at the genus level. 8 We measured alpha diversity using Chao1 richness (48), which we compared by each 9 sociodemographic variable using Kruskal-Wallis tests. Beta diversity was assessed using 10 principal coordinates analysis and permutation multivariate analysis of variance (PERMANOVA) 11 (49) on weighted UniFrac distances (50) . To ensure results were not driven by selection on 12 smoking status, we also compared alpha and beta diversity adjusting for smoking status. 13 We performed clustering of samples with respect to OTUs using partitioning around medoids 14 on Bray Curtis, Jenson-Shannon, root-Jenson Shannon, weighted and unweighted UniFrac 15 distances (51). Prediction strength (PS) was calculated for k=2:10 clusters on each distance 16 measure, using PS≥0.9 to signify strong support for k clusters (51). 17 Statistical analyses were conducted in R version 3.4 (52) for Linux. 
Descriptive Statistics
21
The initial subsample included 297 participants; after removing samples with less than 1000 22 reads, there were 282 participants remaining for analysis. income, marital status, race/ethnicity, nativity, Figure 2 ). Differential abundance findings for 19 selected taxa are presented in Table 2 (see table A1 for all differential abundance findings).
20
Figure 3 displays the boxplots of absolute values of logFCs for both crude and adjusted models. 21 The OTUs selected for display in all models are the OTUs meeting FDR <0.01 in crude models. 22 Comparing adjusted vs. crude boxplots allows a visual assessment of the effect of adjustment 23 on the entire set of OTUs: a shift towards zero reflects attenuation while a shift away from zero 24 reflects amplification. Over all sociodemographic variables, a minor attenuating effect was 25 observed after adjusting for smoking (mean change in logFC, -3.9%), oral health behaviors (- 26 4.9%), diet (-6.3%), age and sex (-3.3%). Adjustment for oral health had the largest impact on 27 logFCs for age group (-4%), sex (-27.4%), and nativity (-13.5%); diet had the strongest impact on 28 logFCs for education (-13.1%) and marital status (-16.9%), smoking had the strongest impact on 29 logFCs for family income (-11.9%), and age and sex had the strongest impact on logFCs for 30 race/ethnicity (-4.2%). To our knowledge, our study is the first to examine differences in the oral microbiome by 23 individual level sociodemographic factors in a population-based sample. Our finding of 24 differentially abundant taxa by race/ethnicity is consistent with previous studies with small 25 volunteer samples. The HMP Consortium found that, for all body sites, ethnicity was the host 26 phenotypic variable with the most associations (35 450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504 1 and others (29) that smoking is associated with major shifts in the oral microbiome, along with 2 similar findings for diet (63) , and indicates that some portion of observed sociodemographic 3 patterning reflects differences in health habits or access to dental care. However, the finding 4 that differential abundance was not eliminated by adjustments suggests that additional 5 mechanism underlie sociodemographic variation in the oral microbiome. These may include 6 upstream social factors such as psychosocial stress (27) or features of the built environment 7 (32). 8 While existing oral microbiome studies are limited, the absence of differences in alpha and beta 9 diversity by race/ethnicity contrasts with two previous studies among non-population-based 10 samples. These found differences in alpha diversity and ethnicity-based clustering in oral 11 microbiomes in non-Hispanic Blacks vs. Whites (36) , and in Cheyenne and Arahapo vs. non- 12 native individuals (37) . Differences in alpha and beta diversity can indicate larger-scale shifts in 13 composition; our finding that specific OTUs were differentially abundant but that overall shifts 14 were less present may indicate that, at a population level, sociodemographic patterns in oral 15 microbiome composition are more subtle. 16 
Beta Diversity and Clustering
Limitations
17
Despite the strength of NYC-HANES as a diverse population-based sample, the cross-sectional 18 design limits its ability to test the oral microbiome as a mediator in health disparities, as 19 changes in the oral microbiome may reflect existing disease rather than etiological factors. 20 Additionally, our findings are limited by having primarily genus-level information, and in many 21 cases salient differences exist at a greater degree of taxonomic specificity -for example, with P. 22 gingivalis, F. nucleatum, and Prevotella intermedia. There may also be wide variability in 23 virulence even at the species level, as is the case with P. gingivalis (64) . Given the importance of 24 many of the differentially abundant genera in health and disease, our findings suggest that 25 further investigation into the role of the oral microbiome in health disparities is warranted. 26 Future investigations should consider use of whole genome shotgun sequencing or other 27 methods able to provide more specific taxonomic classification and describe functional, as well 28 as taxonomic, composition. 
Conclusion
30
Our results lend support to potential role of the social environment in shaping microbiome 31 composition at the population level (24, 65) . The finding of differentially abundant OTUs, many 32 of which are health-relevant, for every sociodemographic variable, suggests that these 33 associations may be important in determining population health patterns. In particular for race 34 and SES, but also for nativity and marital status, the finding that multiple health-relevant 35 microbes are differentially abundant supports a growing hypothesis that the microbiota may 505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560   11   1 partially mediate long-observed social disparities in major disease outcomes. At a minimum, 2 these results highlight that social factors may be important potential confounders in studies of 3 the human oral microbiome and health. 4 Mechanisms for the observed associations are currently unknown, and one important next step 5 will be to examine the multiple levels of exposures underlying these associations, including 6 macro-level social and health policy, exposure to psychosocial stressors, outdoor and built 7 environment features, and social interactions (24) . Importantly, if the microbiome is a partial 8 mediator of health disparities, then identifying modifiable features of the social environment 9 that are most strongly associated with the microbiome can inform effective interventions to 10 improve population health and reduce health disparities. 11   12   561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615 indicate the genus had at least one OTU differentially abundant by at least one coefficient contrast 12 within the sociodemographic factor. Where more than one OTU was significant within one genus, the 13 maximum logFC is displayed in (A 
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